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ABSTRACT

Eighty five pounds (39 kg) of a chromium-77% molybdenum-27% tantalum-0.09%
carbon-0.17 yttrium plus lanthanum alloy were produced in various forms, prin-
cipally sheet. The alloy was induction melted, cast, extruded, rolled, and
annealed.
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SUMMARY

The primary purpose of this program was to provide eighty five pounds (39 kg)
of a chromium-molybdenum-tantalum-carbon-yttrium-lanthanum alloy in various forms,
principally sheet, for use in other studies. The alloy was induction melted,
cast, extruded, rolled, and annealed.

Control of the composition during melting was complicated by the reaction
of the most active alloying elements, yttrium and lanthanum, with the impurities
in the melt and with the yttria-stabilized zirconia crucible. Primary solidi-
fication shrinkage, porosity and cracking reduced the yield of sound ingot to
about 50% of the amount melted.

Small billets, 2-1/16" (5.24 cm) diameter, were extruded successfully into
rectangular bars at reduction ratios of 3.5:1 to 4.9:1 at temperatures in the
range of 2678°F (1740°K) to 2863°F (1845°K). However, 5-1/16" (12.85 cm) diam-
eter billets tore when extruded into rectangular bars under similar conditions
of reduction ratio and temperature. No completely satisfactory conditions for
extruding the large billets were found; poor yields were obtained.

The rolling of the extruded bar to sheet was an involved process. .
Jacketing was required to protect the chromium alloy from contamination.
Differences in the strength of the chromium alloy and the jacket at rolling
temperatures and the differential thermal contraction between them on cooling
tended to cause cracks. The chromium alloy was ductile enough for rolling in
a limited range of temperature. As in the case of the extrusion process, a
rolling process that was successful for small heats (extrusions) caused cracking
for the larger heats (extrusions). A satisfactory process for rolling the large
extrusions to sheet consisted of warm rolling at 2372°F (1573°K) with intermediate
annealing treatments at 2462°F (1623°K) and 2192°F (1473°K).

The fabrication process affected the transition temperature; seemingly
minor changes in fabrication resulted in changes in the transition temperature
of more than 700°F (388°K).

The transition temperature of the 1/16" sheet as fabricated was about
564°F (569°K). Annealing at 2462°F (1623°K) increased the transition temperature
to more than 1112°F (873°K), but increased the short time elevated temperature
tensile strength significantly.
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INTRODUCTION

This report covers work that was a sequel to previous work (Reference 1l).
Both programs were similar in their purpose, scope and techniques.

The primary purpose of both was to provide chromium alloy in various mill
forms to be used in developmental work by NASA and its contractors. 1In both
cases, a principal use was for coating development.

The scope of both programs included the production of modest quantities
of mill forms of chromium alloys by induction melting, casting, extruding,
rolling and annealing and the developmental effort necessary for finding
adequate melting and fabrication techniques. It was intended that the tech-
niques which were satisfactory if not optimum in the first program be used as
much as possible in the present work. A major difference between the programs
was the composition of the alloys. The previous work involved a chromium-
tungsten-yttrium alloy, while the present effort concerned a stronger and more
complex chromium-molybdenum-tantalum-carbon-yttrium-lanthanum alloy. Melting
and extruding were done at the Research and Development Center, and rolling and
associated operations were done at Lamp Metals and Components Department,
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MELTING AND CASTING

General Approach to the Melting Problem - The characteristics of chromium-
base alloys which must be considered in melting and casting these materials have
been discussed previously,(l) and these characteristics were assumed to be wvalid
for the present program.

The complexity of the alloy to be melted was such that the program was con-
ducted in two phases. Phase I involved optimization of previously developed
melting techniques, and Phase TIT consisted of the melting and casting of four
100 pound (45.36 kg) ingots necessary to produce the desired quantity of fin-
ished mill product.

It was felt that consistency from heat to heat in recovery of the speci-
fied quantity of yttrium plus lanthanum in this alloy would be difficult.
Therefore, provision was made for making five 15 pound (6.8 kg) heats and one
100 pound (45.36 kg) heat with the purpose of optimizing the melting technique
before proceeding with the production of the required four 100 pound (45.36 kg)
ingots.

Two 15 pound (6.8 kg) heats were made using different melting techniques.
These two techniques were evaluated and the better one used on the next series
of three 15 pound (6.8 kg) heats to check for consistency. After evaluating
all five 15 pound (6.8 kg) heats, a technique was determined for use on the
Phase I 100 pound (45.36 kg) heat. This technique proved to be successful,
and it was used on the remaining four 100 pound (45.36 kg) heats.

Equipment - Melting and casting operations were carried out in two vacuum
induction melting furnaces with capacities for melting 50 and 200 pounds (22.68
kg and 90.72 kg) of steel respectively and tilt-pouring within their chambers.
The common power source for both furnace chambers was a 200 KW, 1920 Hz motor
generator set. The lowest pregsure attainable in these chambers was 15 microns
to 30 microns (2 N/m? to & N/mz) of mercury.

Crucibles were made of zirconia, stabilized with 8% yttria, and were of
sizes to contain 15 pound and 100 pound (6.8 kg and 45.36 kg) melts. Pouring
basins and spouts were made of lime-stabilized zirconia.

Molds consisted of uniform density, coarse-grained lime-stabilized zir-
conia tubes. Tube size for the 100 pound (45.36 kg) molds was 5" (12.7 cm)
inner diameter (ID) x 5-3/4" (1l4.6 cm) outer diameter (0OD) x 20" (50.8 cm)
long. The 15 pound (6.8 kg) mold tube consisted of an ingot section 2-1/4"
(5.7 cm) ID x 3" (7.6 cm) OD x 7" (17.8 cm) long and a hot top section
2-1/2" (6.35 cm) ID x 3" (7.6 cm) OD x 4-1/2" (11.4 cm) long.

The T01d setup for the 100 pound (45.36 kg) ingots has been described pre-
viously.( ) The 15 pound (6.8 kg) mold setup was similar to the larger one.



Melt Stock - The raw materials used in melting the chromium-7% molybdenum-
2% tantalum-0.09% carbon-0.107% yttrium plus lanthanum alloy are as follows:

Chromium - "Elchrome H.P." electrolytic chromium obtained from
Union Carbide Corporation

Yttrium - Nuclear grade sponge obtained from Lunex Company
Lanthanum -~ Nuclear grade ingot obtained from Lunex Company

Molybdenum - Pressed and sintered powder obtained from General Electric
Company, Refractory Metals Plant

Tantalum - Double vacuum arc melted chips obtained from National
Research Corporation

Carbon - Spectroscopic graphite rod obtained from National Carbon.

Chemical analysis specifications and actual lot analyses of the two lots
of chromium used are shown in Table I. This table also relates the lot analy-
sis to the specific ingots made from each lot.

Vendors' lot analyses of the tantalum, molybdenum, yttrium, lanthanum,
and carbon are given in Tables IT through VI.

Preparation of the Charge - Because of the poor packing factor of electro-
lytic chromium and the resulting poor coupling obtained in induction melting,
it is necessary to briquet this material. For optimum charging of the 15 pound
(6.8 kg) heats, 3-3/4" (9.5 cm) diameter briquets were required. For the
100 pound (45.36 kg) heats, briquets of 2" (5.1 cm), 3" (7.6 cm), and 3-3/4"
(9.5 cm) diameter were required in addition to several pounds of loose,
unbriquetted material.

Because the anticipated melting problems were concerned mainly with the
recovery of the carbon, yttrium, and lanthanum, the differences in melting
techniques involved differences in the method of adding these elements to the
molten bath.

The three variations in melting technique used required the use of three
methods of charge preparation:

a. Molybdenum, tantalum, and 0.5% yttrium were pressed into the chromium
briquets and included in the initial crucible charge. This quantity
of yttrium was added as a "getter" for oxygen and nitrogen and was
not expected to be retained. Carbon, lanthanum, and the yttrium
actually required to meet chemical specifications were added simul-
taneously late in the melting cycle, but as individual elements.



TABLE I. - CHEMISTRY OF "ELCHROME HP" CHROMIUM

VENDOR'S ANALYSIS - (Union Carbide Corporation)

Element Specification Lot 37600 Lot 37610
Limit - wt.%
C 0.008 max. 0.003 0.003
S 0.008 max. 0.007 0.009
Si 0.02 max. 0.006 0.007
Fe 0.02 max. 0.009 0.012
0 0.015 max. 0.004 0.004
N 0.010 max. 0.010 0.006
H 0.0005 max. 0.001 0.001
Cr 99.9 min. 99.95+ 99.95+
Lot 37600 Lot 37610

Heat No. 983-30 Heat No. 140-100 (20 1b.)

Heat No. 984-30 Heat No. 141-100

Heat No. 994-30

Heat No. 995-30

Heat No. 996-30

Heat No. 131-100

Heat No. 138-100

Heat No. 139-100

Heat No. 140-100 (70 1b.)

TABLE II. - TANTALUM CHIPS (Ingot 7433)

VENDOR'S CHEMICAL ANALYSIS (National Research Corporation)

Element pPpm Element ppm
0 37 Mn <1
H 56 Mo <10 (ND)
C 15 Na --
N 18 Nb <25
Al <10 (ND) Ni 9
Cr <1 Si 15
Cu <1 Sn <1
Fe 10 Ti <5
Mg <1 W <40




TABLE III. - MOLYBDENUM

VENDOR 'S CHEMICAL ANALYSIS (General Electric Company)

We.%
Impurity Lot Mos34 Lot Mos22
Mix 3 Mix 2
Al <0.001 <0.001
Ca <0.001 <0.001
Si 0.001 0.001
Cr <0.001 <0.001
Fe 0.001 0.002
Ni <0.001 <0.001
Cu <0.001 0.001
W 0.004 0.003
Mn <0.001 <0.001
Mg <0.001 <0.001
Sn <0.001 <0.001
Typical Analysis (ppm)
0 22
N 11
H 2
C 15




TABLE IV. - NUCLEAR GRADE YTTRIUM SPONGE (GE-4-67)

VENDOR 'S CHEMICAL ANALYSIS (Lunex Company)

Element ppm Element ppm
Aluminum 1* Lutetium 5%
Beryllium 10%* Magnesium ---
Boron 50%* Manganese 1%
Cadmium 5% Neodymium —--
Calcium 200%% Nickel 1%
Cerium 50% Niobium 50%*
Chromium 1* Potassium 1%
Cobalt 1% Praseodymium 50%
Copper 1% Samarium 5%
Dysprosium 5% Silicon 50%
Erbium 100%* Sod ium 5%
Europium 5% Tantalum <50
Gadolinium 5% Terbium 50%
Holmium 50%* Thulium 5%
Iron - Titanium -
Lanthanum -—- Vanad ium 1%
Lead 10% Ytterbium 50%
Lithium 1% Zinc 50%

Zirconium 20%
* No persistent line

*%  Ca reported as 200 ppm because of electrode compartment
--- Element interfered with, no value reported.

Leco 0y 480 ppm

Kjeldahl N, 2 ppm



TABLE V. - NUCLEAR GRADE LANTHANUM INGOT (GE-4-67)

VENDOR 'S CHEMICAL ANALYSIS (Lunex Company)

Element

ppm Element ppm
Aluminum 1% Lutetium 5%
Beryllium 10%* Magnesium <30
Boron 50% Manganese 1%
Cadmium 5% Neodymium 50%*
Cerium 50% Nickel 1%
Calcium 200Q%* Niobium 50%
Chromium 1% Potassium 1%
Cobalt 1% Praseodymium 50%
Copper 1% Samar ium 5%
Dysprosium 5% Silicon 50%
Erbium 100%* Sod ium 5%
Europium 5% Tantalum 10%*
Gadolinium < 15 Terbium 50%
Holmium < 70 Thul ium 5%
Iron <100 Titanium 1%
Lanthanum balance Vanadium 1%
Lead 10% Ytterbium 50%
Lithium 1% Zinc 50%
Zirconium 20%
* No persistent line
*%  Ca reported as 200 ppm because of electrode compartment
--- Element interfered with, no value reported.
Leco 0y 760 ppm
Kjeldahl N, 4 ppm



TABLE VI. - SPECTROSCOPIC GRAPHITE AGKSP (Lot P-64)

VENDOR'S CHEMICAL ANALYSIS (NATIONAL CARBON)

Impurity

ppm Max.

Concentration

Al
B

0.1

Ca -
Cu -—
Fe ---
Pb ---
Mg 0.2
Mn -
K -
Si 0.3
Ag .-
Na ——
Sn -
Ti ---
v ————

.Total ash content <1

All elements above were specifically
sought. No other impurity lines were found
and only those elements found are reported.



2, Molybdenum and 0.5% yttrium were pressed into the chromium briquets
and included in the initial crucible charge. Tantalum, carbon, lan-
thanum, and the yttrium actually required to meet chemical specifi-
cation were added simultaneously, late in the melting cycle, but as
individual elements.

3. This technique was the same as Number 2 except that the late addition
of tantalum, carbon, lanthanum, and yttrium was pressed into a briquet
and added in this form.

The last of the three techniques provided the advantage of getting the low
density and more volatile additons below the surface of the melt quickly by
means of briquetting them with the high dengity tantalum. This was the tech-
nique used for all five 100 pound (45.36 kg) heats.

Melting Procedure - When the wvacuum chamber reached a pressure of approxi-
mately 15 microns (2 N/mz) of mercury in the case of the small heats and 30
microns (4 N/m“) in the case of the large heats, power was applied to the hot
top heater, and the entire mold setup was allowed to heat up and outgas in wvacuum.
When outgassing of the mold was complete, power was applied to the charge, and
it was allowed to outgas in vacuum at a temperature approaching the melting point.
The pressure typically increagsed to a value in the range of 50 microns to 100
microns (6.7 N/m“ to 13.4 N/mz) and then started to decrease. Power was then
shut off and the chamber was pumped to the lowest pressure attainable. Argon
was then admitted to the chamber to a pressure of two-thirds of atmospheric and
the charge was melted at this pressure. The charge was held molten for a period
of 15 minutes to allow uniform distribution of the molybdenum and to permit the
ytterium to accomplish its gettering function. At this point, the tantalum,
carbon, lanthanum, and final addition of ytterium were added and the heat held
molten for five minutes to insure complete homogeneity. It was then poured and
cooled overnight in the vacuum chamber.

Ingot Qualitz - Surface condition of the ingots was very good. Figure 1
shows a typical 100 pound (45.36 kg) ingot after sandblasting.

The ingots were examined radiographically for internal defects. From
7-5/8" to 8-3/8" (19.4 cm to 21.3 cm) of shrink-free ingot was obtained in
the 15 pound (6.8 kg) ingots and about 13" (33 cm) of shrink-free ingot was
obtained in the 100 pound (45.36 kg) ingots. Some small gas-type porosity,
not evident in the radiographs, was found just below the shrinkage cavity in
the 100 pound (45.36 kg) ingots. It was located in an annular pattern at
approximately the mid-radius of the ingot. It was necessary to remove approxi-
mately an additional inch (2.54 cm) from the top of the billets to eliminate
this defect. Figure 2 illustrates this defect in a transverse slice taken from
the top of a 100 pound (45.36 kg) ingot.

~10-
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A slice approximately 3/8" (0.95 cm) thick was cut from the top and
bottom of each ingot after removal of the piped portion of the hot top. These
samples were sent for chemical analysis. Results of ingot analyses are shown
in Table VII.

As can be seen from this table, there is considerable variation in chem-
istry from heat to heat. There is no problem with tantalum, molybdenum, car-
bon, sulfur, or phosphorus. The inconsistent and predominantly high oxygen
and zirconium contents and the equally inconsistent and low recovery of yttrium
and lanthanum in the 15 pound (6.8 kg) ingots point to metal-crucible reaction
as the probable source of difficulty. The 100 pound (45.36 kg) ingots have
consistently lower oxygen contents and higher, but not consistent, recovery

of yttrium and lanthanum. Zirconium contamination is also variable in the
100 pound (45.36 kg) heats.

It is a well-established fact that preformed crucibles exhibit great
variability in properties from crucible to crucible. One of these variables
is the rate of attack on the crucible by molten metal and the resulting vari-
ation from crucible to crucible in oxygen pickup in the melt. In the case of
a zirconia crucible, reduction of the zirconia results in both high oxygen and
zirconium in the melt.

In vacuum induction melting of more conventional materials, it has been
found helpful to make a wash heat in a crucible before using. This tends to
smooth out the variability from crucible to crucible. However, considering
the reactivity and relatively high melting temperature of this alloy, and the
condition of the crucible after making one heat, it was not considered
desirable to make more than one heat per crucible.

-13-
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EXTRUSION

Preparation of Ingots for Extrusion - Following radiography, the hot top
was removed from each ingot by cutting on a power hack saw at a point just
below the bottom of the primary shrink cavity. Transverse slices for chemical
analysis were then sawed as described under Ingot Quality. All sawcut faces
were examined by the "Dye-chek" technique, to reveal any small cracks which
would probably not be detected by radiography, or which could be generated by
the sawing operation. On the 100 pound (45.36 kg) ingots, additional crop-
ping of 3/4" to 1"(1.90 cm to 2.54 cm) of material was done on the top ends
of the ingots to remove the annular porosity (see Figure 2), and an additional
loss of 1/2" to 3/4" (1.27 cm to 1.90 cm) of length was incurred at the bottom
ends in removing material containing hairline cracks, presumably formed during
cooling of the ingot in the mold,

After cropping was completed, the 15 pound (6.8 kg) heats ranged from
6-1/4" to 7" (15.9 cm to 17.8 cm) in length, and weighed 6-1/2 pounds to
7-1/2 pounds (3.94 kg to 3.4 kg). The 100 pound (45.36 kg) heats, after
cropping, ranged from 10.65" to 11.7" (27.1 em to 29.7 cm) in length, and
weighed between 55 pounds and 61 pounds (24.9 kg and 27.6 kg). These ingots
were lathe-turned to remove the relatively rough cast surface and to provide
the proper size match with a molybdenum extrusion can. Each 15 pound (6.8 kg)
heat was turned to 1,937" (4.9 cm) and cut into two extrusion billets, The
large heats were turned to 4.700" to 4,800" (11.9 cm to 12,2 cm) diameter,
varying slightly with the surface condition. A 45° (0.786 radian) chamfer was
machined on one end of each billet; the chamfered end then became the nose or
leading end of the extrusion. For all extrusions, the nose of the extrusion
was the end of the billet which was nearer the bottom of the ingot. With
very few exceptions, the machined ingot surfaces were very good. After lathe-
turning, a few of the large ingots showed a small number of pinhole-size
defects, which were carefully removed with a hand grinder.

At the completion of conditioning, billets from the small ingots (two
billets per ingot) ranged from 2.9" to 3.45" (7.4 cm to 8.8 cm) in length
and weighed from 2.3 pounds to 2.7 pounds (1.04 kg to 1.22 kg). Billets
from the larger heats ranged from 10.65" to 11,7" (27.1 cm to 29.8 cm) in
length, and weighed from 50.2 pounds to 58.4 pounds (22.75 kg to 26.45 kg).

Canning -~ Extrusion cans for all billets were made from molybdenum powder
by hydrostatic pressing, sintering, and finally machining to fit each billet.
Just prior to extrusion, the billet, the molybdenum can, and two molybdenum
tail plugs were thoroughly degreased, assembled, and loaded into an inert
atmosphere welding chamber. The chamber was pumped down to a pressure of
approximately 20 microns (2.67 N/m2). Immediately before welding, the chamber
was back-filled with helium to a pressure of one atmosphere (1.01 x 10° N/m ),
pumped down to approximately 20 microns (2.67 N/m ), and again back-filled to
one atmosphere (1.01 x 107 N/m ) with helium. The molybdenum can was then
sealed using a tungsten electrode by making a circumferential arc weld between
the can and one of the molybdenum plugs which had been inserted into the can at
the rear end of the extrusion billet. The welded assembly, ready for extrusion,
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is shown in Figure 3 for a nominal 5" (12.7 cm) diameter billet. The con-
figuration for a nominal 2" (5.08 cm) diameter billet is very similar.

The smaller billets, canned and ready for extrusion, varied from 3.83"
to 4.37" (9.75 cm to 11.1 cm) in length and weighed from 3.73 pounds to 4.2
pounds (1.69 kg to 1.90 kg). The larger billets ranged from 13" to 14.06"
(33.0 cm to 35.7 cm) in length and weighed from 74.7 pounds to 79.5 pounds
(33.9 kg to 36.0 kg).

Extrusion - The canned billets were extruded through hot work (H-21) steel
dies having a conical entry and rectangular orifice. The dies were coated by
plasma spraying with zirconia to a nominal thickness of 0.015" (0.38 mm).

Fiske 604 and either Corning 7052 or 7740 glass were used as lubricants. Bil-
lets were heated to the extrusion temperature in a resistance-type furnace

with a Hy atmosphere, transferred to a horizontal, 1250-ton Loewy press, and
extruded. The resulting data are given in Table VIIT. Transfer times (elapsed
time from billet leaving furnace to application of extrusion force) ranged from
11 seconds to 14 seconds for the smaller billets, and from 23 seconds to 27
seconds for the larger diameter billets. Experience with a chromium-57 tung-
sten-.07% yttrium alloy( ) had indicated the desirability of using a post-
extrusion stress relief. Since the chromium-7% molybdenum-27 tantalum alloy
was expected to be stronger and probably less ductile than the 5% tungsten
alloy, all extruded bars were taken from the press runout table while still
hot, placed in a furnace at 1920°F (1320°K), held for approximately one hour

at 1920°F (1320°K), then furnace cooled to 480°F to 570°F (522°K to 573°K)

in 40 to 44 hours, removed from the furnace, and sand cooled to room temperature.

Despite the use of this stress relief, some hairline cracks appeared at
the nose end of each extruded bar. The relatively large amount of molybdenum
present at the nose, coupled with the fact that chromium has a larger coeffi-
cient of thermal expansion than molybdenum, resulted in thé presence, upon
cooling, of a residual tensile stress in the chromium alloy at the nose, causing
the cracking. The geometric pattern of the cracks was the same in both large
and small bars. Fortunately, these cracks did not propagate beyond the point
at which the chromium alloy core assumed its full dimensions inside the jacket;
therefore, this cracking resulted in the loss of no more material than that
which was routinely cropped from the noses of the extruded bars.

An excellent bond was obtained between the chromium alloy and the molyb-
denum cladding on all sound extruded material. The molybdenum was left on
the bars throughout the subsequent processing.

Ten 2-1/16" (5.24 cm) diameter billets were extruded as part of Task I,
a limited exploration of some of the primary extrusion variables. The extru-
sion ratios chosen, nominally 3.7 and 4.7, represented a compromise among the
expected deformation characteristics of the alloy, the desire to have, as a
minimum, a ratio in the vicinity of four, and the size requirements for the
material to be produced in Task II. 1In addition, the requirements imposed by
the Task IT rolling process parameters had to be considered. For example, the
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expected desirability of imparting large amounts of reduction (as high as 90%)
in the rolling process, required that the extrusions ultimately produced from
the larger diameter Task II billets be a minimum of 1-1/8" (2.86 cm) thick
(including molybdenum cladding thickness). One additional factor was that any
appropriate combination of extrusion variables determined in the 2-1/8" (5.4
cm) diameter extru51on container, where a pressure in excess of 180,000 psi
(1.24 x 107 N/m? ) can be generated on the billet, would have to be translatable
to the 5-3/16" (13.15 cm) container, in which the maximum pressure whlch can

be generated on a billet is approximately 120,000 psi (8.3 x 108 N/m? ).

Six combinations of extrusion ratio and billet temperature were employed
on the ten 2-1/16" (5.24 cm) diameter billets. Examination of the resulting
microstructures at Lamp Metals and Components Department, Cleveland, Ohio,
failed to reveal significant differences between these extrusions. The only
problem encountered was in conjunction with Billet 994-30T, which was heated
to a higher temperature, 2910°F (1870°K), than the other billets. This extru-~
sion exhibited numerous large, transverse failures extending well in toward
the center of the bar. It appeared as though the failures were intergranular
in nature and that the bar had literally torn open at the grain boundaries,
Thus, under the extrusion conditions employed for the smaller billets, 2863°F
(1845°K) was the highest temperature successfully attempted. "K" values
obtained in Task I indicated that, based on the lower unit pressure available
in the larger container, an extrusion ratio of approximately five would be the
maximum attainable with the larger billets. It was realized that the 5-1/16"
(12.85 cm) diameter billets would have lower "K" factors than those obtained
with the smaller billets, because of better heat retention in the larger billets,
and because the lower surface area/volume ratio of the larger billet results
in a decrease in that portion of the extrusion force required to overcome
friction, Therefore, it would have been reasonable to anticipate a slightly
higher ratio than the predicted maximum of five. However, a higher ratio
would have produced a bar with cross section smaller than the optimum for
subsequent rolling. Accordingly, a die was designed based on a ratio of 4.6.

Three different billet temperatures, two ram speeds, and a pre-extrusion
solution treatment were incorporated into the processing of the five larger
diameter billets in an effort to obtain completely sound extrusions., However,
the tearing type of defect discussed above was present, in varying degree, in
each of the five bars produced.

It was recognized that, for the same set of conditions, the maximum
temperature to which billet could be heated for extrusion without encountering
the severe tearing previously discussed would be lower for the 5-1/16" (12.85
cm) than for the 2-1/16" (5.24 cm) billets, because of better heat retention
in the larger billets. Accordingly, a nominal temperature of 2775°F (1795°K)
was chosen for extrusion of the first large billet, as a compromise between
possibly prohibitive container pressures at lower temperatures and severe
tearing at higher temperatures. The billet was actually extruded at 2790°F
(1805°K) ; unfortunately, this temperature did not prove to be low enough to
avoid tearing on a 5-1/16" (12.85 cm) billet. The resulting bar had numerous
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tears beginning approximately 12" (30.5 cm) from the nose, and increasing in
frequency toward the tail of the bar, as though the heat produced by deforma-
tion were accumulating in the billet faster than it could be dissipated,

The container pressure required for this extrusion (approximately 100,000
psi or 6.9 x 10 N/mz) was, as anticipated, somewhat lower than the pressures
needed for the 2-1/16" (5.24 cm) billets. Although the figure of 100,000 psi
(6.9 x 108 N/m?) represents approximately 83% of the available pressure for the
larger billets, it did afford some latitude for lowering the extrusion tempera-
ture. It was decided to extrude the next billet at, nominally, 2687°F (1745°K).
In addition, J. W. Clark, Flight Propulsion Division, General Electric Company,
suggested, on the basis of his experience with this alloy, that a pre-extrusion
solution treatment at approximately 2825°F (1825°K) might be beneficial to the
extrusion characteristics of the alloy; so, it was decided to attempt this also.
The billet was heated to 2820°F (1810°K) and held for approximately two hours.
The temperature was then dropped to 2696°F (1755°K), allowed to equilibrate,
and the billet was extruded. The changes discussed did not eliminate the tear-
ing phenomenon, but did reduce it substantially, and a much greater yield of
sound material was realized,

A further reduction in extrusion temperature appeared possible, and it
seemed that this would eliminate the tearing. The third 5-1/16" (12.85 cm)
billet was also solutioned prior to extrusion and was extruded at 2620°F
(1710°K). However, instead of the tearing being eliminated, it was more severe
than on the previous bar. For the fourth large billet, the solution treatment
was discontinued, and since the best extrusion to date had been made at 2696°F
(1755°K), that temperature was employed again. This resulted in the best of
the five large extrusions, showing only a few tears near the tail and some
minor tearing at spots on the corners of the bar; thus, it was decided to
extrude the final billet under the same conditions, except for a decrease in
ram speed. This was done to allow more time for the heat produced by deforma-
tion to be dissipated during extrusion, hopefully keeping the internal tempera-
ture of the billet down, decreasing the tendency for the material to tear.

Even though this final 5-1/16" (12.85 cm) extrusion was made at a ram speed
(1"/second or 2.54 cm/second), only slightly over half that of the other large
billets (1.8'"/second or 4.66 cm/second), it was torn severely over the rear
half of the bar. This was all too typical of these defects; that is, there
seemed to be no particular pattern to their frequency or location, and further-
more, little semnsible correlation with extrusion parameters. The defects did
not seem to be due to lubrication failures, since, except for the torn areas,
the surfaces of the extruded bars were quite smooth over their entire length.
Also, the random occurrence of the defects did not suggest inadequate lubri-
cation. Neither could the defects be correlated with the post-extrusion condi-
tion of the die coating.

Perhaps, during cooling of the larger ingots in the mold, some segregation
or solid state reaction occurs which results in the formation of an undesirable
grain boundary constituent - one which might not have time to form in the more
rapidly cooling smaller ingots - and which might have an adverse effect on the
workability of the alloy.
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Although the Zr0O, die coating did spall to the extent that the dies had

to be sandblasted clean and recoated after each extrusion, the coatings did

an excellent job of protecting the surfaces of the dies from wearing excessively
or washing out, and in preventing pickup of die steel on the extrusions,

Two dies were used for the ten small extrusions; two were needed only because
two different extrusion ratios were desired. One die was used for all five
large extrusions.

The . rectangular bars extruded from the smaller billets were of two
nominal sizes:

1. 0.625" thick x 1.5" wide x 13" to 15" long (1.59 cm x 3.81 cm x
33 cm to 38 cm)

2. 0.500" thick x 1.5" wide x 16" to 19" long (1.27 cm x 3.81 cm x
40.6 cm to 48.3 cm).

On a given bar, the average thickness variation was approximately 0.020"
(0.51 mm) and the average width variation approximately 0.012" (0.3 mm).
Bars extruded from the larger billets were nominally 1.125" thick x 4,125"
wide x 55" to 59" long (2.86 cm x 10.5 cm x 140 cm to 150 cm). Average
variation in thickness on any given bar was approximately 0.022" (0.56 mm);
average width variation was approximately 0.037" (0.94 mm).

Discussion of Extrusion Data - Billet diameters shown include the thick-
ness of the molybdenum jacket. The numbers for the 2-1/16" (5.24 cm) diameter
billets have "T" and "B" suffixes; these designate top half and bottom half of
an ingot. Extrusion temperatures were determined with an optical pyrometer.
The minor variations from the intended extrusion ratios of 3.7 and 4.7 for the
smaller billets and from 4.6 for the larger billets are due to differences in
the thickness of the Zr0p coating which was plasma sprayed on the die face and
throat. The dies were sandblasted clean and recoated after each extrusion.

It was difficult to deposit a coating of the same thickness each time,
particularly in the case of the smaller dies, which, of course, had much
smaller apertures.

The "K" factor, or '"extrusion constant," is based on the breakthrough
force and was calculated from the equation P = K. * In R where P = extrusion
pressure and R extrusion ratio. Calculated "K" values for the 2-1/16"

(5.24 cm) diameter billets look reasonable when plotted versus extrusion
temperature (Figure 4), with the exception of Billets 995-30B and 994-30T.
These two billets, although extruded at higher temperatures than the others,
had higher, rather than lower, "K" factors. However, these were the only two
of the ten small billets which were extruded after a new liner was installed
in the extrusion container. The old liner was worn approximately 0.020"

(0.51 mm); thus, the new liner resulted in a significantly-reduced clearance
between the liner and the hot billet, thereby reducing the amount of lubricant
which can be retained between billet and liner. This could be detrimental in
two ways. First, a significant decrease in the amount of lubricant between
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the billet and liner could result in an increase in the frictional forces
accompanying extrusion; second, since one of the functions of a high-
temperature lubricant is to provide thermal insulation between workpiece

and tooling, insertion of the new smaller diameter liner could have resulted
in a higher rate of heat transfer from the hot billet to the liner. At billet
temperatures on the order of 2900°F (1865°K), even though the billet rests

in the liner only about four seconds before extrusion commences, the new

liner probably results in a significant increase in heat loss from the billet
and a corresponding significant increase in resistance to deformation; thus,
an abnormally high "K" factor may be obtained.

The "K" values obtained for the larger diameter billets appeared to vary
with temperature in a reasonable manner (again, Figure 4). Billet 141-100
had a "K" factor which is somewhat below the curve established by the four
previous large billets, but this is due to the fact that it was extruded at
a slower speed, resulting in a somewhat lower breakthrough force. For com-
parison with data from the larger diameter billets, Figure 4 includes data from
extrusion of 5-1/16" (12.85 cm) diameter billets of chromium-5% tungsten-
0.07% ytterium, carried out at this laboratory under a previous NASA contract.(1>
It is apparent that the anticipated higher strength of the chromium-7% molyb-
denum-2% tantalum alloy is reflected in a "K'" factor significantly higher Jat
least in the neighborhood of 2600°F (1700°K)] than that of the chromium-5%
tungsten-0,07% ytterium alloy.
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ROLLING AND ANNEALING

Goals - The scope of work specified in the contract established goals
for the rolling of the chromium alloy. The requirements for finish and
dimensional tolerances were not especially stringent and would normally be
met by ordinary care. The goal for the yield of 106 pounds (48 kg) of
product was consistent with the yields obtained in a previous program at
this facility for a chromium-57% tungsten alloy. Requirements for mechani-
cal properties were not specified.

The prevention of cracking during rolling, which would be essential
in meeting the requirement for yield, was quickly identified as the major
problem by the results of the first few rolling experiments. A satisfac-
tory jacket and the counteraction of the effects of the differential ther-
mal contraction between the chromium alloy and the jacketing materials
proved to be as important as the rolling and annealing practices in pre-
venting cracking. Since most developmental effort was needed to obtain
adequate yields and the scope of the work did not anticipate efforts to
improve mechanical properties, any experimental work to improve mechani-
cal properties had to be incidental. However, there was an opportunity
to try to improve a specific mechanical property without going beyond the
scope of the program. This occurred late in Task 1 while the first of
the 100 pound (45 kg) melts was being processed through the extrusion
operation.

A low ductile to brittle bend transition temperature (DBBTT) is only
one of several mechanical properties of the alloy that would be important
in any probable application. However, the DBBTIT was the only property
that could be determined because of limitations in time and effort.

Annealing of the Extrusions - The annealing of an extrusion from a
15 pound (6 kg) melt was studied to find the most easily worked starting
condition. The structure as extruded was almost completely recrystallized
with some large, slightly wrought grains. The annealing conditions were
the factorial combinations of five temperatures and two times. The effects
were evaluated metallographically and by hardness measurements.

The hardness was affected only slightly by the annealing, but there
was a minimum for the one hour treatment at 2552°F (1673°K) as shown below:

Annealing temperature Average hardness, Rockwell 30T
annealing time

One hour Five hours
2192°F (1473°K) 84.0 82.6
2372°F (1573°K) 82.7 83.2
2552°F (1673°K) 82.0 82.4
2732°F (1773°K) 83.5 83.2

as extruded 84,2
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Growth of precipitate particles, which were presumed to be tan-
talum carbide, apparently occurred within one hour at 2372°F (1573°K)
and 2552°F (1673°K). There appeared to be some solution and precipi-
tation of finer particles at the highest temperature, 2732°F (1773°K),
in one hour and at 2552°F (1673°K) in five hours. All of the treat-
ments recrystallized the structure completely, and secondary grain
growth occurred during the 2732°F (1773°K) treatments.

The effects of only one treatment, one hour at 2552°F (1673°K),
were evaluated further by elevated temperature tensile tests (Table IX
and Figures 5 to 7). Since this treatment caused a minimum in hard-
ness and increased the ductility of the alloy somewhat at tempera-
tures anticipated to be in the rolling temperature range, it was
adopted as the standard treatment for all extrusions.

Jacketing - Jacketing of the alloy was essential in preventing
cracking, but it had harmful as well as beneficial effects. Jacketing
reduced cracking by preventing the embrittlement of the alloy by the
reaction with oxygen or nitrogen at elevated temperatures and by pro-
viding some mechanical restraint to the edges of the strip during
rolling. Jacketing tended to cause cracking because of the differen-
tial thermal contraction between the chromium alloy and its jacket
upon cooling and because of nonuniform deformation of the chromium
alloy during rolling.

In a previous program at this facility, it was found that an
oxide film sufficiently protective to allow several warm rolling
passes to be made without cracking could be formed on the chromium-57%
tungsten alloy. Therefore, an attempt was made to duplicate that
process with the present alloy. The alloy was ground and electro-
etched to prepare the surface for oxidation. An oxide film was
formed by exposing the alloy to wet hydrogen at 2012°F (1373°K) for
15 minutes. The alloy cracked badly during the first rolling pass
at 2372°F (1573°K). 1If the alloy is protected from contamination,
it does not crack under these rolling conditions.

Since there was a reluctance to take unnecessary steps to pre-
vent contamination by the atmosphere, the use of an evacuated jacket
was started after several less costly methods proved to be inadequate.
1t was possible to assign contamination as the cause of certain
cracks that occurred with the less effective jackets since those
cracks occurred only where the chromium alloy was discolored and not
where the alloy had been protected sufficiently to prevent discolora-
tion. A jacket similar to that shown in Figure 8,but with only
intermittent welds and not evacuated,was adequate protection for the
Task 1 extrusions; however, it was not adequate for Task 2 extrusiomns,
which were larger and consequently required longer times for heating.
All but one of the packs for the large extrusions were evacuated.

-30-



sutyoem 3uTls9] 93 Jo posds peayssoad IYf

“(wo fZ°*1) ,6°0 sem yj8us] o8e8 oyl “-ull
Jo 103oeJ ® £q poseoadul sem peads uayl “Y9°(Q JO UTRIIS ®B 01 (S/w 9-0T X #0°1) ®anutw xad ,,G700°(0 Sem
‘WNNOBA UT PIIONPUOD DISM diInIeisdwa)l WOOI SA0QR S1893 TV,

€9 7% 161 L" LT 06z 1°¢Yy ¢ZHyT  001¢ (392Yys ,,91/1)
7S oY 961 L°2c €2 6°9% €LET  C10C inoy suo 103 T\
2% 91 L8C L1y 06% 1°1L TI€T 0061 (Mo €T9T) HoC9%T
6¢ 81 91¢ 8°GY 619 1768 €01 TL%1 | e poTeouUUER pUB
g 01 09¢ (A4 €79  %°¢6 €L8 [AN %! N sso2003d
ﬁuo‘D
%S (A eYe 9°6¢ 79 ¢° L9 €LIT ¢G9T |[-oad 399ys :onH
£y 0z (414 VAR 166 0708 €L6 z6C1 103 ssod0ad
01 1 GHE 9°8¥% LLS  L°€8 €L9 zsL 90Uus1979Y)
1 0 -- - 9¢¢  L°1S €LG LS N sso00ad 001-1¢1
G G <8¢ G°G6Q 109 <¢°/8 €L1T  TS91
I [4 743 (A rde 96% 0°¢!L €L0T TiYl inoy auo x07 \7
z z €LE 1°%S 71§ Gyl €L6 2621 | (Mo€L91) d,2766T
1 T G6¢ VANAY 0L% 7°89 €L8 [ANN) e paleouuR
1 0 Lty 0'¢9 I¢% 9769 €LL (453 pue popnilIXy
0s 02 01¢ 0°GY 2y 2°19 €LEeT  CT10C
09 €T 8¢¢ 1°6% €% 6784 €LCT  Tesl
A € G9¢ 6°¢CS €€s ¢°/LL €LTIT ¢491
1 1 88¢ €°9¢ LSy %799 €L6 Cc6C1
1 0 0Zh 0°19 Ll T°69 €Ll (4% pepniixe sy d0€-€£86
(®)
% 7w /N 1sd Zum/N ¥sd | a
poi®R UT % 1983130 %2°0 spuesnoyl sanjeisdway asqunu
uo13oNpaY uoTae8uoid | yia8usaals pioI1x | yaBusaas sjewilin 8urgse] uoI3IPUO) UOTISNIIXY
LIAHS ANV SNOISAYLXH 40
SHIIYAJOYd HTISNHL - ‘XTI HIIVL

-31-



8% 89 6€ 9°¢ L0t G'¢1 8861 00%C
% 8% 1€l 1°61 2T  9°C¢ zeyl 001¢ (3°9ys ,,91/1)
6€ oy €61 0°8¢ 1 TAY 1LY TT¢1 0061 (3onpoad ,,91/1
103 ssaooad
suTyoru JUIISO] 90UDIDIDI)
10 Suiproy Suranp 9Moiq uswioadg sanjeaadwe; wooy N ssooo0ag 00T-0%1
(44 i [49 9" L €1 0°61 8861 00%¢
8¢ (4 SET 9°61 £%e £°G6¢ ¢cyl 001¢ (3®@9ys ,,91/1)
0s 2 891 AR T4 Z1¢ AR TI€T 0061 (3onpoad ,,91/1
103 ssaooad
auTyOEW JUTISS] 20USI9I01)
Jo Surpeol Sutanp 9Yolq uswioadg sanjeradway wooy| N Sse20id 001-8€1
(®)
% umm /N Tsd Zu/N - 1sd p:| Ei
BOIR UT VA mmmmmo %70 spuesnoyl aanjeasdwal -29qunu
uoI3oNpoY uorle8uolH yi8uaa3ls pIoIA | yaSuoeals o3BWIITN Sutasag UOTITPUO) UOTSNIIXH
(ponutiuoc)) IHIHS ANV
SNOISNYLXH d0 SHIIYHA0¥d HTISNAL - °*XI dTIIVL

-32-



7]
o 500 1000 1500
()] !
(@)
=
7] <4 600
=2
o
u o
= 4500
o
o
= 1400
o
- N
‘” 43002
L ~
= \ 2
5 —— AS EXTRUDED .
2 | - AS EXTRUDED AND ANNEALED \ 4200
i AT 2552 °F (1673 K) \
o0k —--—"i6 IN. SHEET - ANNEALED \
W N\
- AT 2462 °F (1623 K) 100
g —-—-— YgIN. SHEET- REFERENCE
= PROCESS (SEE APPENDIX A)
-
g |

L
O 500 1000 1500 2000
°F
TEST TEMPERATURE

Figure 5 Ultimate Tensile Strength of Extrusions and Sheet

-33-



°K

500 1000 1500
| !

AS EXTRUDED
----—-- AS EXTRUDED AND ANNEALED 600
AT 2552 °F (1673 K)

—--—'6 IN. SHEET - ANNEALED AT
2462 °F (1623 K)

_____ Y16 IN. SHEET -REFERENCE PROCESS
(SEE APPENDIX A)

@
@)

500

60 400
N
4o} 0%
N
<
200
20
100

1 ] ] L |

0 500 |000° 1500 2000
F?

TEST TEMPERATURE

0.2% OFFSET YIELD STRENGTH, THOUSANDS PSI

Figure 6 Yield Strength of Extrusions and Sheet

-3~



REDUCTION IN AREA, %

80

°K

500 1000 1500
y ] T ] T

AS EXTRUDED

------- AS EXTRUDED AND ANNEALED
AT 2552 °F (1673 K)

—--— Y6 IN. SHEET - ANNEALED
AT 2462 °F (1623 K)

_____ Y\ IN. SHEET - REFERENCE

TEST TEMPERATURE

Figure 7 Ductility of Extrusions and Sheet

-35=-

60 PROCESS (SEE APPENDIX A)'/
‘/"F;;s
/ /I \~\
/ /
40 , /
/S
/)
20 /’ /7
/ /
v/ ' i / ————— -2 L
0] 500 1000 1500 2000
o
F?




Carbon Steel

Molybdenum Clad
Chromium Alloy
Extrusion

>Evc: cuation

4 4)  Tube

e

Figure 8 Exploded View of Pack

-36~



The packs, i.e., the assembly of the extrusion and its jacket, were always
heated for rolling and annealing in hydrogen atmosphere furnaces and were
typically exposed to air during rolling for thirty seconds or less per
rolling pass. The furnace atmospheres contained water vapor principally
from back streaming through flame curtains and from infiltration and nitro-
gen from those sources and an auxiliary nitrogen curtain at one of the
furnace doors.

The mechanical restraint of the edges of the chromium alloy strip by
the steel bars at the sides of the jackets apparently tended to reduce
edge cracking of the chromium alloy during rolling. Since the amount of
material for process development was quite limited and it was thought that
the restraint offered by the side bars was less important than other fac-
tors in preventing cracking, the effect of the width of the side bars was
not studied systematically. However, where the width of the side bars, as
well as other factors, were varied in the early rolling experiments, there
was a tendency for the packs with the widest side bars to have the least
cracking of the chromium alloy. No controlled experiments were performed
to confirm this relationship, but in one series of two experiments, only
the final annealing conditions and width of the steel bars were intentionally
varied. The strip from the pack with 2" (5.08 cm) wide steel bars was
free of cracks, while the strip from the pack with 1" (2.54 cm) wide bars
had edge cracks. There were other instances of varying steel bar widths in
which the results were confounded by other variables, but those results
suggested that the restraint of the steel bars was a significant factor.

Molybdenum has a lower coefficient of thermal expansion than chromium.
Therefore, as a composite of chromium and molybdenum cools, tensile stresses
are generated in the chromium. The relative amounts of molybdenum and
chromium or, perhaps, the absolute amount of molybdenum adjacent to the
molybdenum-chromium interface, i.e., the dimension of the molybdenum in
the direction perpendicular to the interface, determined whether the induced
stresses caused cracking of the chromium alloy. The effect of varying
amounts of molybdenum adjacent to the interface will be shown by the results
of three operations. The cooling of the large extrusions, which were clad
with approximately 0.06" (0.15 cm) of molybdenum, from annealing did not
cause cracks. At an intermediate stage of the rolling process, the packs
were cooled to ambient temperature with no evidence of cracks having been
formed in the chromium alloy then. The absolute amount of molybdenum at
the interface at the end of the strip had then been increased to about
0.135" (0.34 cm) by accumulation at the ends due to rolling. However, cracks
formed at the ends of 1/4" plate during cooling where the original cladding
was left on the extrusion. The original 0.06" (0.15 cm) cladding was increased
at the ends of the plate to about 0.24" (0.6l cm) by the rolling operation.
The critical amount of molybdenum for cracking lay between 0.135" (0.34 cm)
and 0.24" (0.61 cm). TFor the 1/4" product, this type of cracking was avoided

by removing nearly all of the original cladding at the ends of the extrusion
before rolling.
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For the 1/16" product, this type of cracking was avoided by hot shearing
the ends of the strip to remove the concentration of molybdenum before the
strip was cooled.

Even then, the 1/16" product may have contained significant residual
stresses. Very frequently, a typical type of crack occurred during abrasive
‘sawing of the 1/16" product into 1" x 2" coupons. These cracks extended along
the surface for much greater distances than through the thickness. This
behavior of the cracks could be explained by assuming that the surface of
the strip had residual tensile stresses which tended to assist crack propa-
gation, while the interior had compressive residual stresses which tended to
resist crack propagation. Although a mechanism connecting the differential
contraction and residual stresses is not obvious, it seems likely that they
are causatively related.

The abrasive sawing operation lagged several weeks behind the rolling
operations. As a result, when the possibility of adverse residual stresses
in the 1/16" product was recognized, the rolling of that product had been
nearly completed. However, an attempt was made to reduce thermally induced
regsidual stresses in the 1/4" product by cooling the packs much more slowly
after the final annealing treatment. Since there are, of course, several
other differences between the 1/16" and 1/4" products, the absence of cracking
during the abrasive sawing of the 1/4" product does not establish the change
in the cooling procedure as the cause. Appendices A and B present the
detailed processing parameters, including the cooling procedure, for the
rolled products. Not only were the temperature gradients in the 1/4" pro-
duct less than those of the 1/16" product during cooling, but also, the
volume change accompanying the allotropic charnge of the steel undoubtedly

occurred while the steel was at a higher temperature, and consequently
weaker.

Jacketing caused nonuniform deformation of the chromium alloy during
rolling. Since the chromium alloy was much stronger than the steel jacket
at the rolling temperatures, 2192°F (1473°K) to 2372°F (1573°K), the steel
could transmit sufficient pressure to the chromium alloy to deform both
materials uniformly during rolling only where the steel was effectively
restrained. In areas remote from the ends and edges of the chromium alloy,
the steel was restrained between the cold, strong steel rolls and the rela-
tively strong chromium alloy, so that both the chromium alloy and the steel
were reduced in thickness proportionally. WNear the edges and ends of the
chromium alloy, however, the steel was not effectively restrained; the
reduction in thickness of the chromium alloy during rolling tended to be less
as shown on the following page:
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Since the chromium alloy was not reduced as much in thickness at the
edge as at the center, the elongation in the rolling direction tended to
be less at the edge. The difference in elongation was believed to be the
cause of some edge cracks,specifically in Task 1 extrusions rolled in jackets
with 0.134" (0.34 cm) thick covers. Thinner steel jackets reduced the
variation in the thickness of the chromium alloy and the width of the region
where the thickening of the alloy was significant, but 0.060" (0.15 cm)
thick jacket covers ruptured during the fifth or sixth rolling pass. So,
the final procedure was to jacket with 0.06" (0.15 cm) thick covers, roll
four passes, add 0.100" (0.25 cm) covers, and complete the rolling. The
1/16" product had a region at the edges about 1/8" (0.3 cm) wide in which
there was a measurable increase in thickness. The thickness at the edge
was typically 0.008" to 0.010" (0.02 cm to 0.025 cm) thicker than the
thickness at the center.

The molybdenum cladding on the Task 2 extrusions, which was about
0.06" (0.15 cm) thick, would be reduced in thickness to about 0.004" (0.0l
cm) during rolling of the 1/16" product. Since it was thought that thick-
ness might be insufficient to prevent diffusion of iron through the molyb-
denum to the chromium alloy, an additional shim of molybdenum 0.050" (0.127
cm) was placed between the extrusion and the steel covers for the 1/16"
product, but not for the 1/4" product. Microprobe analysis of the 1/16"
product later indicated that the entire change in the measured iron con-
centration occurred in a zone less than 0.001" (0.0024 cm) thick at the
steel-molybdenum interface. The entire change in molybdenum concentration
was detected as occurring in a zone less than 0.001" (0.0024 cm) thick
at the chromium alloy-molybdenum interface. The surface of the rolled
products was electroetched to remove 0.002" (0.005 cm) per surface; this
was more than sufficient to remove all chromium alloy enriched in molybdenum.

-39~



Development of Rolling and Annealing Processes - The development of
the rolling and annealing practices evolved in three stages with varying
approaches. The first approach was to perform only warm rolling and stress
relief annealing; this was an attempt to adapt conventional refractory
metal fabrication practices to ‘this complex alloy. The next approach
involved the use of in-process recrystallizations to improve fabricability
and to provide better properties in the product. The third approach was
an attempt to improve a property, the ductile to brittle bend transition

' temperature (DBBTT),by minor process variations.

The initial rolling experiments involved warm working at temperatures
somewhat below ‘the temperature for the start of recrystallization (Figure 9).
It was apparent, however, that the recrystallization temperature after the
necessary amount of warm work would be below the temperatures that the alloy
would be expected to encounter in any likely application. Thus, the bene-
ficial effects of warm working would be lost. Therefore, this approach
for the development of a rolling process was abandoned.

The next general scheme of rolling involved recrystallizing the alloy
after about 637 warm work to reduce the grain size and to make the grain
size uniform. This was followed by warm rolling, a second recrystallization
anneal, and more warm work. The purpose of the second recrystallization
was to limit the warm work in the product so that its recrystallization
temperature would be relatively high and some beneficial effects of warm
work might survive exposure at anticipated service temperatures.

The conditions of time and temperature for the recrystallization anneals
were established on the basis of a cursory metallographic study and other
considerations. The upper limit for temperature was dictated by the possi-
bility of melting at the molybdenum-carbon steel interface of the jacket.

No evidence of melting was observed in packs annealed at 2462°F (1623°K).
This temperature provided an adequate margin above the minimum temperature
for complete recrystallization in 15 minutes, which was estimated to be
2372°F (1572°K) for the alloy with 60% or more warm work from the annealed
extrusion condition. Annealing at 2462°F (1623°K) for 15 minutes was chosen
as the standard recrystallization treatment.

The prototype of the process with two recrystallizations was the process
designated as Process B. The essentials of this process and all subsequent
developmental and production processes are presented graphically in Figures
10 through 13.: Process B was warm rolling to a reduction of 637 at tempera-
tures decreasing from 2372°F (1573°K) to: 2057°F (1398°K), recrystallizing,
warm rolling to an:additional reduction of 63% at decreasing temperatures,
recrystallizing, warm rolling to a reduction of 58%, and annealing. In
Process B, as:well -as all later: developmental processes and the Task 2 pro-
cesses, the packs were stored in an auxiliary furnace at 1562°F (1123°K) to
1652°F (1173°K) while temperature changes were being made in the furnace
used for rolling and annealing. . It was believed that these temperatures
would -have no effect on the properties or structure, and yet they would
exceed the transition temperature so that cracking by differential thermal
contraction was avoided.
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The temperature of final annealing strongly affected the DBBIT of
Process B strip; the minimum DBBTT for strip annealed one hour, about
437°F (498°K), resulted from annealing at temperatures near 2192°F (1473°K)
(Table X and Figure l4). The DBBTT obtained by annealing for one hour
at 2192°F (1473°K) was not stable, even with very short exposure to 1895°F
(1308°K); the DBBTT increased to more than 1112°F (873°K) after overnight
exposure. ,

The third stage of the rolling development consisted of experiments.
Process C through Process M, whose purpose was to determine if a lower
and more stable DBBIT could be obtaineéd through minor variations in Process
B. These included variations in the amount of warm work after the final
recrystallization, the number and timing of in-process annealing at 2192°F
(1473°K), rolling temperatures, and the number and timing of recrystallizations.

Since there were no replications of these experiments, and there was,
apparently, considerable variation in the DBBTT of Process B strip resulting
from minor differences among the small extrusions or random variations in
processing,; the conclusions drawn from the results have to be considered
semiquantitative at best.

1. T1In-process annealing at 2192°F (1473°K) affected the DBBIT.

2. Annealing at 2192°F (1473°K) immediately after the final recrys-
tallization increased the DBBTT.

3. Annealing after the final recrystallization and one or two subse-
quent warm rolling passes, but before the completion of the rolling,
decreased the DBRIT.

4, Warm working to a total reduction of 58% after the final recrys-
tallization, which included an intermediate annealing at 2192°F
(1473°K), produced a lower DBBTT than similar processes which
involved warm working to reductions of 44% or 26%.

5. Final annealing at 2192°F (1473°K) also decreased the DBBIT.

Process I developed the minimum DBBTT. 1In addition, material thus
processed has some resistance to degradation after exposure to anticipated
application temperatures. The DBBTT did not increase after overnight
exposure to 1904°F (1313°K).

Since the Processes B through M yielded essentially crack-free strip
from the small extrusions, but Process I developed the minimum DBBTT,
Process I was selected as the basis for the reference process for fabri-
cating the large extrusions.
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DUCTILE TO BRITTLE BEND TRANSITION TEMP.
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Figure 14 Ductile to Brittle Bend Transition Temperature

-51-

41800

700

600

200



Process I consisted of annealing the extrusion at 2552°F (1673°K)

for one hour, warm rolling at 2372°F (1573°K) to 2192°F (1473°K) to a
reduction of 86%, recrystallizing at 2462°F (1623°K), warm rolling 25%
reduction at 2192°F (1473°K), annealing one hour at 2192°F (1473°K), warm
rolling 447 reduction at 2192°F (1473°K), and annealing one hour at 2192°F

(1473°K). Process N, the reference process for the 1/16" product, was
~similar to Process I, except that the increment of warm rolling prior to
recrystallization was done at 2282°F (1523°K) rather than at 2192°F (1473°K).

Rolling and Annealing of the 1/16" Product - The reference process
for fabricating the 1/16" product from the large extrusions was based on
Process I of the development phase with minor changes introduced to improve
the yield. Because of numerous cracks in the large extrusions, the cause
of cracks in the product could not be readily associated with the rolling
process. But, as the rolling progressed, it became apparent that the
rolling process was contributing to edge cracking. Although the chromium
was jacketed, indications of the cracking of the alloy could be seen occa-
sionally as the packs emerged from the rolling mill. The thermal properties
of the pack were such that the different surface temperature color indicated
where open cracks existed in the alloy. When it was established that
cracking was occurring often during the intermediate stages of rolling,
the temperature was increased to 2282°F (1523°K) for that part of the pro-
cess. A definite improvement in yield resulted. A detailed description
of the final process is presented in Figure 13 and Appendix A. The deviations
from the final process,; which occurred in the early rolling lots, are
described in Appendix C.

Rolling and Annealing of the 1/4'" Product - Since there was to be no
testing of the 1/4" product for mechanical properties, the only criterion
for success was yield. Therefore, the 1/4" product was rolled in the same
manner as the 1/16" product with the apprpriate reduction. The final
annealing conditions; 2192°F (1473°K) for one hour, were chosen arbitrarily.
A detailed description of the process is presented in Figure 13 and Appendix B.

Processing of Other Products - The other products, 3/8" x 3/8" x 3"
and 3/4" x 1-1/2" x 2", were machined and abrasive sawed from an annealed
extrusion.
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EVALUATION OF PRODUCTS

Mechanical Properties -~ The 1/16" (0.16 cm) thick product was tested
both as fabricated and after annealing at 2462°F (1623°K) for one hour.
The mean DBBIT of the as-fabricated strip was 564°F (569°K), but annealing
at 2462°F (1623°K) increased the DBBTT to more than 1112°F (873°K), the
upper limit for testing (Table X). The short-time strength at elevated
temperatures was increased substantially by the annealing (Figures 5 to 7
and Table IX).

The mechanical properties were not determined for products which were
machined from the annealed large extrusion, but short time elevated tempera~
ture tensile properties were determined for a small extrusion which had
a similar annealing treatment, Table IX. Mechanical properties of the 1/4"
(0.59 cm) plate were not determined.

Dimensions and Finish -~ There were only minor and infrequent deviations
from the requirements for dimensions and finish. The thickness tolerance
was plus or minug 4% of the nominal thickness. The finish met the require-
ment of 80 microinch AA for products up to 3/8" (0.95 em) thick.

Cracks - After being cut to size, only the 1/16" coupons had significant
cracking. The coupons had cracks or crack-like defects of two different
origins and types. Apparently, some cracks in the extrusions were bonded
to a greater or lesser extent during rolling. These appeared in the pro-
duct as offsets in the surface and as intermittant longitudinal cracks
in, perhaps, 1% or 2% of the coupons.

Other cracks originated during the abrasive cutting operation. These
cracks were believed to be caused by residual stresses (as discussed in
an earlier section) and were characterized by their being shallow in rela~-
tion to their length. Their frequency varied greatly from lot to lot.

The best lots were nearly free of this defect, while the worst lots had
approximately one-third of their coupons affected.

There were some superficial cracks on machined surfaces of the 3/4" x

1-1/2" x 2" product.

Structure - a critical interpretation of the microstructures of the
products is beyond the scope of this work, but the structures of random
samples of the products are shown in Figures 15 to 18.

-53-



e

e e e e s
- x\m&uﬁkzikﬁ.\@w@v e -

= =
e s
e S

%500

S e

s

s o e p : o 2 == e =
Sosamaanta R S & T oS ]
R s e s e e
Caa s % Sonea g
S - o o S

= Lo e SR e S

i

i
.

.
L
G (H»‘«‘f
“‘m?g?:%

S
v -
-

-
.
o
)
X

s

=
- =

o

cees e = = =
S = -

e
S e o
o . =

e o s
o S o e

pr s :

T :

e S o
oo oo
o

5

&

i

. .
-

e

Soaaages i e s e e EEE e e e e
S s = o

= S i
e = e
-

-
o S

- - o caa

e =

e e S = e s@ﬁkmymv\mﬁwﬁn\ i
= = i e e o = : e S .%\wmmm«uw%m,w =
s Eeaae %«wﬁm R e e %mwma o

- - = =
ae,A\kAmm

. - .
P

=

i

S Sane e e o =

.
o

-

.

5y

. w%w&w%wd@m

- MGM,\MM«“W%“%W‘%%FMNWMQNW

e
o i o
= =

. = o
e = .. = = =
B s o =

e e SE s

e s o

e

.
e
- - -

- - = e e
- - - - = ]

e = S e

b

i

- S e e e e

Unetched

e o e o e e i
o S St e i S R ]
... _ __ @ o i =

%500

ide

i
ion from 100 Pound Heat

hydrox

in sodium
-G lym

'3

15 Structure of Annealed Extrus

Etched electrolytically

Figure



.

.

.

=

%500

ide

hydox

in sodium

-55~

m.
.
.
.
= o

o

11y

1ca

e

Etched electrolyt

16 Structure of l/4 Inch Plate

igure

F



Etched electrolytically in sodium hydroxide %500

Figure 17 Structure of 1/16 Inch Sheet as Fabricated
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Composition - Analyses for selected elements were made on products
from each of the large heats. The results are shown in Table VII. The
apparent decrease in the oxygen and nitrogen contents from the ingot to
product was unexpected; therefore, an attempt was made to resolve the
contradiction by repeating both the ingot and product analyses for repre-
sentative heats. The duplicate analyses for the product confirmed the
original analyses within the expected error. Unfortunately, there was
a malfunction of the vacuum fusion apparatus so that valid analyses for
the ingots were not obtained.

Yield - The yield of product from the 100 pound (45.36 kg) melts was
as shown in this table:

Approximate Weight Approximate
Product Size, in. per Piece, lbs Total Weight, 1bs
1/16 x 1 x 2 0.03 39
1/4 x 1 x 4 0.26 23
3/8 x 3/8 x 3 0.11 6
3/4 x 1-1/2 x 2 0.59 18
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APPENDIX A. - DETAILED PROCESS DESCRIPTION
FOR SECONDARY FABRICATION OF CHROMIUM ALLOY SHEET

Operation no. Operation Description
1 Annealing of The chromium alloy extrusion was preheated
extrusion to 1651°F (1173°K). This operation, ae well

as all other heating operations, was done
in a hydrogen atmosphere. The extrusion
was then transferred to the annealing fur-
nace and annealed for one hour at 2552°F
(1673°K). The extrusion was next returned
to the furnace at 1652°F (1173°K) and
allowed to cool to that temperature.
Finally, the extrusion was cooled to
ambient temperature in a hydrogen
atmosphere in about 30 minutes.

2 Jacketing of The extrusion was band sawed and machined
extrusion into sections approximately 2.38" (6 cm)

long. The exposed chromium alloy was wet
ground with 180 grit abrasive paper and
electroetched. The exposed alloy was
inspected for cracks by visual or fluores-
cent penetrant inspection. The jacket was
then assembled around the extrusion and
welded.

3 Rolling The pack, i.e., the assembly of the extru-
sion and its jacket, was evacuated for 15
minutes by a mechanical wvacuum pump and
the evacuation tube was sealed. The pack
was preheated for 30 minutes at 1652°F
(1173°K) and then was heated for 20 minutes
before the first rolling pass and for
lesser lengths of time before later rolling
passes. The minimum heating time was five
minutes. The pack was warm rolled the
first two rolling passes at 2372°F (1573°K)
to a reduction of 187 per pass at a mill
speed of 40 ft./min. (0.203 m/s). The
diameter of the rolls was 12" (30.5 cm).
After the first two rolling passes, the
pack was transferred to a furnace at
1652°F (1173°K) so that the temperature of
the rolling mill furnace could be changed.
The pack was then rolled two passes at 18%
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APPENDIX A, - DETAILED PROCESS DESCRIPTION FOR .
SECONDARY FABRICATION OF CHROMIUM ALLOY SHEET (Continued)

Operation no, Operation Description

reduction each at 7282°F (1523%). The

pack was annealed at 1562°F (1173°K) for 30
minutes, furnace cooled to approximately
1292°F (973°K) and, finally, cooled to
ambient temperature buried in insulating
material,

A rolling lot consisted of from one to
nine packs assembled at one time. No
more than five packs could be accommodated
in the two furnaces used for:

a. Preheating and storing at 1652°F (1173°K)
b. Heating for rolling and for annealing

Thus, rolling and annealing was accom-
plished on groups of no more than five
packs. Packs were heated for rolling
individually, while the rest of the group
was stored at 1652°F (1173°K) . No more than
two packs were annealed simultaneously at
2462°F (1623°K).

4 Replenishment The pack was grit blasted and ground to
of jacketing remove scale. An additional sheet of
steel, 0.10" (0.25 cm) thick, was welded
to the top and to the bottom of the pack.

5 Rolling After being preheated for 20 minutes at
1652% (1173°)), the pack was rolled six
passes of 187 reduction each at 2282°F
(1523°K) with a mill speed of 40 ft,/min,
(0.203 m/s). Excess steel at the ends of
the pack was removed by hot shearing and
the pack stored briefly at 1652% (1l173°K),

6 Annealing The pack was annealed at 2462°F (1623°K) for
15 minutes and stored at 1652°F (1173°K)
while the rolling mill furnace temperature
was being changed.
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APPENDIX A. - DETAILED PROCESS DESCRIPTION FOR
SECONDARY FABRICATION OF CHROMIUM ALLOY SHEET (Continued)

Operation no. Operation
7 Rolling
8 Annealing
9 Rolling
10 Annealing
11 Removal
of jacket
12 Electroetching
13 Abrasive sawing
14 Electroetching

Description

The pack was rolled one pass of 25% reduc-
tion at 2192°F (1473 at a mill speed of
80 ft,/min. (0.406 m/s) and sheared into
two pieces at 2192%F (1473°K).

The pack was annealed one hour at 2192°F
(1473°K).

The pack was rolled to finish gage in two
passes of approximately 25% each at 2192°F
(1473K) with a mill speed of 80 ft./min.
(0.406 m/s). The ends of the pack were
sheared at 2192°F (1473X) to expose the
chromium alloy. The steel at the sides

of the pack was sheared within 1/8"

(0.3 cm) of the chromium strip,

The pack was annealed one hour at 2192°F
(1473%K), held briefly in a furnace at

16 52F (1173°K) and cooled to ambient
temperature in a hydrogen atmosphere,

The pack was pickled in a mixture of
nitric, sulphuric and hydrofluoric acids
to remove the steel and molybdenum jacket.

The chromium alloy strip was etched
anodically in a saturated solution of
oxalic acid in water to remove a layer
0.002" (0.005 cm) thick from each surface.

The chromium alloy strip was clamped for
sawing using the minimum force required,
Shims were inserted under the strip as
needed to support cambered strip. The
strips were abrasive sawed using a "soft"
abrasive wheel and 1/2 in./min. (0.002 m/s)
feed rate.

The alloy was etched anodically for about
15 seconds.,
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APPENDIX A, - DETAILED PROCESS DESCRIPTION FOR
SECONDARY FABRICATION OF CHROMIUM ALLOY SHEET (Continued)

QOperation no, Operation Description
15 Inspection The pieces were inspected at low magnif-

ication for cracks or surface defects and
graded as CGrade A,B,or C. Grade A pieces
contained no visible defects, Grade B
contained minor defects that were not con-
sidered to be serious for their use in

coating studies, Grade C pieces contained
serious defects.
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Operation no.

APPENDIX B,

- DETAILED PROCESS
DESCRIPTION FOR SECONDARY FABRICATION OF 1/4' PLATE

1 through 4

10

11

Operation

Description

These operations were the same as those for 1/16"

strip.

Rolling

Annealing

Removal
of jacket

Electroetching

Abrasive sawing

Electroetching

Inspection

After being preheated for 20 minutes at
1652°F (1173°K), the pack was rolled to gage
in three passes of about 19% reduction
each at 2282F (1523%K) at a mill speed of
40 ft,/min, (0.203 m/s). The pack was
stored briefly at 1652°F (1173°K) while a
furnace temperature change was being made,

The pack was annealed one hour at 2192°F
(1473°K), then held in a furnace at 1652°F
(1173°K) for 30 minutes, furnace cooled to
approximately 1292°F (973FK) and, finally,
cooled to ambient temperature buried in
insulating material,

Excess steel was sawed from the ends and
sides of the pack. The pack was pickled
in a mixture of nitric, sulphuric and
hydrofluoric acids to remove the steel
and molybdenum jacket.

The chromium alloy plate was etched
anodically in a saturated solution of
oxalic acid in water to remove a layer
of the alloy, 0.002" (0.005 em) thick,
from each surface.

The chromium alloy plate was abrasive

sawed to the required size, 1/4" x 1" x 4",
(0.6l cm x 2.54 cm x 10.16 cm) by plunge
cdutting in two or three passes.

The alloy was electroetched for about 15
seconds,

The pieces were inspected at low magnif-
ication for surface defects,
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Lot number

37

38

39
40

42

43
44
45

46

47
48

48A

49
50

51

APPENDIX C, - DEVIATIONS FROM STANDARD PROCESSES

Deviations
First rolling pass mill speed was 100 fpm (0.508 m/s), mill
stalled. The third through tenth rolling pass temperature was
2192°F (1473%K), At the conclusion of Operation 3, the pack
was cooled from 1652°F (1173°K) to ambient temperature in a
hydrogen atmosphere.
The third through tenth rolling pass temperature was 2192°F
(1473°B, At the conclusion of Operation 3, the pack was cooled
from 1652°F(1173K) to ambient temperature in a hydrogen atmos-
phere.
Same deviations as Lot 38
Same deviations as Lot 38
Mill stalled during the first pass becuase the chromium was
wider than standard, The third through tenth rolling pass
temperature was 2192°F (1473°K). At the conclusion of Operation
3, the pack was cooled from 1652°%F (1173°K) to ambient tempera-
ture in a hydrogen atmosphere.
Same deviations as Lot 38
Same deviations as Lot 38

Same deviations as Lot 38

The third through tenth rolling pass temperature was 2192°F
(1473°K).

Same deviation as Lot 46

Same deviation as Lot 46

Third and subsequent rolling passes temperature was 2192°F
(1473°K)  Pack was cooled to ambient temperature before the
final anneal,

No deviations

No deviations

No deviations
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APPENDIX C. - DEVIATIONS FROM STANDARD PROCESSES (Continued)

Lot number Deviations
52 No deviations
53 No deviations
54 No deviations
55 No deviations

NOTE: See Appendix D. for the correlation of heats and rolling lots for
end uses.
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APPENDIX D, - END USES OF THE 100 POUND HEAT EXTRUSIONS

Extrusion number Rolling lot number Product size, inches

131-100 37 1/16 x 1 x 2
38 1/16 x 1 x 2
39 1/16 x 1 x 2
40 1/16 x 1 x 2
55 1/16 x 1 x 2

138-100 42 1/16 x 1 x 2
43 1/16 x 1 x 2
44 1/16 x 1 x 2
45 1/16 x 1 x 2
46 1/16 x 1 x 2
47 1/16 x 1 x 2

139-100 Not rolled, product 3/8x3/8x3

cut from annealed 3/4 x 1-1/2 x 2
extrusion

140-100 48 1/16 x 1 x 2
48A 1/4 x1x 4
49 1/16 x 1 x 2
54 1/4 x 1 x4

141-100 50 /4 x1x4
51 1/ x 1 x4
52 1/ x 1 x 4
53 1/4x 1 x4
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